Polarization immunity of magnetoresistivity response under microwave excitation 
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We analyze theoretically the dependence of the longitudinal magneto-resistivity response of mi- 
crowave irradiated two-dimensional electron systems on the microwave polarization. Both linear and 
circular polarizations are considered. Recent experiments show that resistivity oscillations and zero 
resistance states are unaffected by changing the polarization of the microwave field. We propose a 
plausible explanation for the experimentally observed magneto-resistivity polarization immunity. 

PACS numbers: 



can note the activated temperature dependence in the 
magneto- resisitivity (p xx ) response 0, 0, @], quenching 



Recently, magneto-transport experiments on two- 
dimensional electron systems(2DES) irradiated with mi- 
crowaves have shown two very interesting features: Mi- 
crowave Induced Resistivity Oscillations (MIRO)[H, 0] 
and Zero Resistance States (ZRS)[1, 3|. This has mo- 
tivated intense activity, both experimental and theoreti- 
cal. New and remarkable experimental contributions are 
being published on a continual basis. Among them, one 
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of pxx at high microwave (MW) intensities [2|, |6|, ab- 
solute negative conductivity [2, d, @, 0]> suppression of 
MIRO and ZRS by in-plane magnetic field [1, Q, and 
the behavior of p xx under bichromatic MW radiation 
coming from two monochromatic sources with different 
frequencies 10]. Possibly the observation that MIRO and 
ZRS are notably immune to the polarization of MW ra- 
diation in Rcf[lll|] is one of the most surprising results. 
In this experiment the influence of the MW polariza- 
tion on pxx in a 2DES was analyzed. Different MW po- 
larizations were used, circular in both senses (left and 
right) and also linear in x (current direction) and y di- 
rections. The unexpected result of almost complete im- 
munity of pxx with the polarization was obtained. All 
these new experimental results provide new and real 
challen ges for the theoretical models presented to date 

0, EMI 0, E3, EE M EH, El- 
some theoretical contributions have been presented 
that can explain some of the new experimental out- 
comes. We can note proposals for explaining the be- 
havior of the MW driven Px X with temperature and 
with high MW intensities |2g| . | 2 4l|. the observed abso- 
lute negative conductivity [2a. l2a|. and the p xx response 
to bichromatic MW radiation[27|, E§|. Regarding MW- 
polarization immunity, while some theoretical models 
predict strikingl y d ifferent dependences on the radiation 
polarization 
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j , in others only linear radiation 
was considered 

In this letter we propose a theoretical explanation for 
the experimental evidence which shows that p xx does not 
depend on the MW polarization. Our theoretical results 
are based on the driven Larmor orbits morfe/(l9| . In a 



recently presented work by the authors [19(, it was shown 
that in a 2DES subjected to a moderate perpendicular 
magnetic field and MW radiation, the Larmor orbit cen- 
ters oscillate back and forth in the x direction with the 
same frequency as the MW field. A major and non-trivial 
extension of this model 19] is presented here which allows 
different polarizations for the MW field to be considered, 
namely elliptical, circular or linear. 

The results presented in this letter can be applied and 
generalized to any physical situation consisting of a quan- 
tum mechanical oscillator excited by any time-dependent 
force. We can cite, for instance, nano-electromechanical 
systems (NEMS), molecular electronics, surface acous- 
tic waves (SAW) in Hall bars, vibrational and rotational 
molecular spectra, etc. In the case of a harmonic time- 
dependent force the physics obtained is even richer, be- 
cause new resonance situations arise. 

Our system consist in a 2DES subjected to MW ra- 
diation, that can be in different polarization states, a 
perpendicular magnetic field (B) (z-direction) and a DC 
electric field (Eg c ) (x-direction) . In order to introduce 
the model we consider initially left-circularly polarized 
MW, i.e., the electric field E(t) of the MW radiation is: 



E{t) = Eq{ i cos wt + j sin wt) 



(1) 



(a detailed mathematical analysis for other polarizations 
will be presented elsewhere[29j). Eq and w are the am- 
plitude and frequency of the MW field respectively. The 
total hamiltonian H, working with the symmetric gauge 
for the vector potential of B: (Ab = x B), can be 

written as: 
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X 



is the center of the orbit for the electron 
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cycloidal motion, e is the electron charge, Edc is the DC 
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electric field in the current direction, w c is the cyclotron 
frequency and L z is the z-component of the electron to- 
tal angular momentum. Hi can be solved exactly after 
lengthy algebra[2^|, and using this result allows an exact 
solution for the electronic wave function of H to be ob- 
tained: 

%{x, y, t) =4> N [{x-X- a(t)), {y - b(t)),t] 
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where 4>m are the analytical solutions for the Schrodinger 
equation with a two-dimensional (2D) parabolic con- 
finement, known as Fock-Darwin states [30j ■ The Fock- 
Darwin states converge to a Landau level spectrum when 
B is large or it is the only source of confinement (present 
case). In polar coordinates 0jv(r, 9,t) can be expressed 
as: 
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where n is the radial quantum number, m is the angu- 
lar momentum quantum number, l[™ are the associated 
Laguerre polynomials and Ib is the effective magnetic 
length. For the polar coordinates: 
r 2 = [x - X - a{t)] 2 + [y- b(t)} 2 and 
re 19 = {x-X- a(t)} + i[y - b(t)]. 

a(t) (for the x-coordinate) and b(t) (for the y-coordinate) 
are the solutions for a classical driven 2D harmonic oscil- 
lator (classical uniform circular motion). The expressions 
in the case of a left polarized MW radiation are: 
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cos wt — A- cos wt 
sin wt = A- sin wt (5) 



7 is a material and sample-dependent damping factor 
which dramatically affects the movement of the MW- 
driven electronic orbits, and which has been introduced 
phenomenologically. Along with this movement interac- 
tions occur between electrons and lattice ions, yielding 
acoustic phonons and producing a damping effect in the 
electronic motion. In Ref. [23j | , we developed a microscop- 
ical model to calculate 7, estimating a numerical value 
of 7 ~ 10 12 s _1 for GaAs. L is the classical lagrangian: 



L = 



dt 



ill 



(6) 



FIG. 1: Calculated magneto-resistivity p xx as a function of 
B for circularly and linearly polarized radiation for the ex- 
perimental frequencies used, 100, 183 and 200GHz. In the 
case of circular light (left panels) the two senses of polariza- 
tion have been considered: left, single line (black color online) 
and right, dotted line (red color one line) . For linear MW 
(right panels), we have considered the x direction, single line 
(black color online) and y direction, dotted line (red color on- 
line). The p xx polarization immunity can be observed clearly 
for the three frequencies, especially for B below the cyclotron 
resonance (see vertical dashed line, blue color online). T=1K. 



and J p are Bessel functions , whose arguments, An, are 
given by (for left circular MW): 



h \ w 



w c (w + w c ) 



\J (w 2 — w 2 ) 2 + 7 4 



2w \J (w 2 — w 2 ) 2 
(7) 

Similar, but not identical, expressions for ^(x, y, t) are 
obtained for right and linear (x or y direction) polar- 
ized MW radiation [2§| . The key differences among them 
are given by the expressions we obtain for a(t) and b(t). 
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Thus, for instance, for right polarized MW light: 



*(*) = 



■. cos wt — A + cos wt 



m* y w 2 (w c + w) 2 + 7 4 
—eE Q 

b(t) = = — sin wt = A \ sin n<t (8) 

m* y / w 2 (w c + w) 2 + 7 4 

The first important result we obtain is that, apart from 
phase factors, the wave function for H is the same as a 
Fock-Darwin state where the center of the electron orbits 
performs a circular motion in the xy plane with frequency 
w c , given by a 2 (t) + b 2 (t) = A\, (" - " for the case of left 
circular MW and " + " for right circular light). 

Electrons suffer scattering due to charged impurities 
that are randomly distributed in the sample. If the scat- 
tering is weak, we can apply time dependent first order 
perturbation theory. To proceed we calculate the impu- 
rity scattering transition rate Wn,m from an initial state 



^n(x, y, t), to a final state ^m{x, y, t) [19, 31 



1 /"* 

W NM = lim ^ - / < V M (x,t)\V s \iI> N (x,t) > e at dt 
a^o at in J-oo 

(9) 

where V s is the scattering potential for charged 
impurities [32|. After some algebra we obtain for this 
transition rate Wm m'- 
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r is the Landau level broadening, rii is the impurity den- 
sity, S the surface of the sample and e the dielectric con- 
stant. Since Coulomb interactions are not the primary fo- 
cus of this work, we will use the dimensionless parameter 
a to control the strength of the electron-charged impurity 
interaction, rather than considering a more sophisticated 
functional form. With a = 1 representing the "bare" 
Coulomb interaction, using a screened scattering poten- 
tial corresponds to a < 1 [33| . 

The next step is to find the average effective distance 
advanced by the electron in every scattering jump which 
is given by (see Ref. [19] for a detailed explanation): 
AX MW = AX° + A T cos wt, where AX° is the effective 
distance advanced when there is no MW field present 
and 1/r = Wn,m (t being the impurity scattering time). 
The magnitude A T is the amplitude of the orbit center 
motion in the x-direction (a(t)): 



eE 



m* y^w 2 (w c =p w) 2 + T 4 



(11) 



Considering that we have a static electric field Ed c in 
the current direction (x direction), we obtain an aver- 
age value (over all the scattering processes) for AX MW 
different from zero in that direction. Therefore the elec- 
tron possesses an average drift velocity v/v.m in the x 



direction. This drift velocity can be readily calculated 
by introducing the term AX MW into the expression of 
the transition rate Wn,m , and finally the longitudinal (or 
diagonal) conductivity be obtamed[19L HH. To 

where 



calculate p xx we use the relation p xx = 

a'.x *^ &xy 
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All our results have been based on parameters corre- 
sponding to experiments by Smet et al. [ill ]. In Fig.l we 
show p xx obtained using our model as a function of B for 
circularly and linearly polarized radiation and for the ex- 
perimental frequencies. In the case of circular light (left 
panels) the two senses of polarization have been consid- 
ered. For linear MW we have considered the x and y di- 
rection (right panels). As in experiments, the calculated 
p xx response is practically immune to the polarization 
sense of circularly polarized MW radiation, specially for 
B below cyclotron resonance (see vertical dashed line). 
We obtain similar results in terms of oscillations and ZRS 
for the different polarizations considered. This behavior 
is observed for all the different MW frequencies stud- 
ied. When we introduced linearly polarized radiation, 
p xx is almost the same if it is linearly polarized in the 
x or y direction. According to our model, the p xx re- 
sponse under MW excitation is governed by the term 
cos wt: p xx ex Azf cos wt, where the amplitude A^ 
has been defined above (see eq. (11))- Therefore for 
left and right circularly polarized radiation we would ex- 
pect different results since the amplitudes are different. 
However if the damping factor 7 is larger than the MW 
frequency, 7 > w, 7 would become the leading term in 
the corresponding denominator of the amplitude A^. In 
this situation, 7 is able to quench the influence of the 
other terms and similar values are obtained for the am- 
plitude of the orbit center for different polarizations. The 
same argument can be applied to both linearly and cir- 
cularly polarized MW radiation. For GaAs, a value for 7 
about 3 x 10 12 s -1 [23j], is enough to obtain a similar p xx 
response irrespective of the specific MW polarization. 

In conclusion, we have theoretically studied the in- 
fluence of the microwave polarization on the magneto- 
resistivity response of two-dimensional electron systems. 
Linear and circular polarization have been considered 
with different senses. In agreement with previous ex- 
perimental results, we show that, under strong enough 
damping, the p xx response is unaffected by changing the 
MW polarization. 
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